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Application of transition metal ions in a study of photoinduced 
modifications of melanin
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Short wavelength visible light is viewed as the main 
agent responsible for oxidative modification of melanin 
in the human retinal pigment epithelium (RPE). The aim 
of this research was to study light-induced modifications 
of melanin using iron and zinc as molecular probes. A 
synthetic model of eumelanin was treated by intense 
violet light. The interaction of melanin with metal ions 
was examined by electron paramagnetic resonance (EPR) 
spectroscopy and a thiocyanate assay. Weak photodeg-
radation of melanin was shown to increase exposure 
of melanin subunits, while stronger photodegradation 
caused a loss of melanin subunits. Iron-binding in such 
melanin was weak and nonspecific.
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INTRODUCTION
Melanin, one of the most ubiquitous natural pigments, 
is believed to play a photoprotective and antioxidant role 
in pigmented tissues (Meredith & Sarna, 2006; Bren-
ner & Hearing, 2008; Kaczara et al., 2012; d’Ischia et 
al., 2015). Unlike skin melanin, melanin in human reti-
nal pigment epithelium (RPE) shows very little, if any, 
metabolic turnover (Sarna, 1992). Therefore, with ageing, 
the RPE melanin may undergo chemical modification 
induced by oxygen, light and transition metal ions that 
are bound to melanin. The content of melanin in human 
RPE was shown to decrease with age (Sarna et al., 2003) 
and the remaining melanin exhibited significant oxida-
tive modifications that may reduce the antioxidant and 
photoprotective ability of melanin, and even enhance its 
phototoxic potential (Rózanowska et al., 2002; Rózanow-
ski et al., 2008; Ito et al., 2013). Light-induced degrada-
tion of melanin, which is a model of photoageing, was 
shown to reduce its antioxidant properties and even 
cause the appearance of a prooxidant action (Zareba et 
al., 2006; Zadlo et al., 2007; Zadlo et al., 2009). It is im-
portant to stress that RPE melanin accumulates transi-
tion metal ions during a lifetime. The effect of redox ac-
tive transition metal ions on melanin susceptibility to ox-
idative modification was previously studied (Korytowski 
& Sarna, 1990; Zecca et al., 2008; Zadlo et al., 2017). The 
aim of this research was to examine the light-induced 
oxidative modifications of melanin using iron and zinc 
as molecular probes. Water-soluble synthetic model of 
eumelanin prepared by DOPA autooxidation (DMa) was 
used in this study. This melanin was subjected to short 
wavelength visible light and metal ions were added after 
photolysis. 
MATERIALS AND METHODS
Reagents. All chemicals were reagent grade or better, 
and were used as supplied. Water, deionized by a mil-
lipore system (Millipore S A. 67120 Molsheim, France), 
and the acetate buffer prepared using this water, were 
additionally treated with Chelex-100 to remove traces of 
metal ions.
Preparation of synthetic eumelanin. Synthetic mod-
el of eumelanin (DMa) was prepared by autooxidation 
of DOPA (Felix et al., 1978) and purified by a modified 
method described previously (Szewczyk et al., 2016).
Photodegradation of melanin. One mg/ml DMa in 
water was adjusted to pH 7.4 and irradiated by 400 nm 
(265 mW/cm2) light originating from a 100 W diode 
array illuminator (High Power UV Purple LED Chip, 
Chanzon, China). The initial volume of melanin solution 
subjected to photodegradation was 17 ml, the inner di-
ameter of the vessel was 4.7 cm and the whole surface of 
solution was irradiated. During degradation, the sample 
was gently stirred and the temperature was maintained at 
4ºC by re-circulating water bath model FBC 620, Fish-
erbrand, Fisher Scientific GmbH, Germany. Every sev-
eral hours, the pH was corrected to 7.4 by addition of 
a NaOH solution. At selected time intervals, appropri-
ate amount of the melanin solution was withdrawn for 
EPR spectroscopy and spectrophotometry. Before taking 
of each degraded melanin sample, the vessel with mela-
nin was weighted and the volume was corrected by ad-
dition of water. For selected degradation degrees, greater 
amounts of melanin samples were taken, lyophilized and 
stored in the fridge for further experiments. 
Electron paramagnetic resonance (EPR) spectros-
copy. EPR spectroscopy was done using Bruker EMX-
AA EPR spectrometer (Bruker BioSpin, Rheinstetten, 
Germany). This method was used either to monitor the 
progress of melanin degradation (Sarna et al., 2003; Zadlo 
et al., 2007) or to study the interaction of melanin with 
oxygen and metal ions. The progress of melanin degra-
dation was monitored at pH 0. For this purpose, 0.1 ml 
of DMa sample was acidified by 0.01 ml of 37% HCl, 
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incubated for 0.5 hour and centrifuged at 20817 × g for 
5 minutes. The precipitate was washed three times with 
1ml of 1M HCl, suspended in 0.2 ml of this acid and 
frozen in liquid nitrogen. On the basis of EPR measure-
ments at pH 0, melanin was classified into the following 
degradation degrees: non-degraded melanin (NM) – un-
treated melanin that was not irradiated, weakly degraded 
melanin (WDM) – melanin that exhibited 19% decrease 
in the EPR signal, and moderately degraded melanin 
(MDM) – melanin characterized by the EPR signal re-
duced by 55% in comparison with control, which cor-
responds to the depletion of RPE melanin occurring at 
the ninth decade of life (Sarna et al., 2003). For these 
degradation degrees, the lyophilized samples were redis-
solved in water to concentration of 1 mg/ml and the 
effects of oxygen, iron and zinc were tested. For EPR 
measurements with iron and zinc, 0.1 ml of the sample 
was mixed with 0.02 ml of 0.1 M acetate buffer (pH 5), 
0.01 ml of 1.7905 mM FeSO4 in 0.1 M acetate buffer 
and 0.07 ml of 0.1 M (CH3COO)2Zn. Such approach 
produced the final concentration of 0.5 mg/ml DMa, 
0.089525 mM Fe (1% w/w) and 35 mM Zn. After 0.5 
hour incubation, the sample was frozen. Our EPR stud-
ies showed that iron content at the level of 1% (w/w) in 
human RPE melanin can be reached at the sixth decade 
of life (not yet published). Samples without zinc were 
prepared similarly except for addition of (CH3COO)2Zn, 
and in this case 0.09 ml instead of 0.02 ml of acetate 
buffer was added. For measurements without transition 
metal ions, 0.1 ml of the sample was diluted twice by ac-
etate buffer and frozen after 0.5 hour. To check the ef-
fect of oxygen, anaerobic version of the sample without 
metal ions was prepared by 0.5 hour purging by argon 
during continuous stirring. All EPR measurements were 
done at the temperature of 77 K. Typical instrumental 
settings for measurements of degradation degree of mel-
anin were: modulation amplitude, 0.305 mT; center field, 
336.2 mT; scan range, 7 mT; scan time, 42 s; time con-
stant, 327.7 µs, and microwave power, 32.4 µW. The ef-
fect of oxygen and metal ions was studied at similar con-
ditions except microwave power, which was selected in 
the range: 0.265 µW to 33.4 mW. To elevate signal : noise 
ratio, 2 – 20 scans were averaged. The EPR signal of iron 
(III) bound to melanin was measured at: modulation am-
plitude, 0.805 mT; center field, 158.49 mT; scan range, 
140 mT; scan time, 84 s; time constant, 327.7 µs and 
microwave power, 5.29 mW. The final EPR spectra of 
iron were achieved from averaging 5 scans. The EPR 
measurements were carried out at 77 K. The error of 
EPR measurements was estimated to be 10%, and there-
fore only greater differences were viewed as statistically 
significant. 
Iron (III) hydrolyses above pH 2 and at this pH mela-
nin exhibits very weak metal-binding capacity. Therefore, 
iron (II) was used, however, after addition to melanin 
it rapidly oxidized and intense EPR signal characteristic 
for high-spin iron (III) was registered (Fig. 2D). 25mM 
Fe(II) was achieved by dissolving FeSO4 in argon-
saturated 0.1 mM H2SO4. This solution was diluted to 
1.7905 mM in 0.1 M acetate buffer pH 5. Solutions of 
iron (II) salts were used within the day of preparation. 
Determination of free iron by the thiocyanate as-
say. Iron, that was unbound to melanin, was determined 
by a modified thiocyanate assay (Luke, 1966). Due to 
solubility of DMa, this study was limited to samples 
with zinc, which caused melanin aggregation. After EPR 
measurements, these samples were melted and centri-
fuged at 20871 × g for 5 minutes. 0.18 ml of supernatant 
was mixed with 0.01 ml of 2 M HCl and 0.01 ml of 
0.1 M H2O2, and heated at 100ºC for 15 minutes. After 
cooling to room temperature, 0.1 ml of 2.5 M NaSCN 
with 0.01 M HCl and 0.3 ml of isopropylacetone were 
added. The sample was shaken on Vortex shaker for 0.5 
minute and centrifuged at 20871 × g for 1 minute. 0.25 
ml of organic fraction was collected and fresh 0.3 ml of 
isopropylacetone was added. After second extraction, the 
organic fraction was combined with the previous one 
and the absorbance was measured at 500 nm against iso-
propylacetone. To prepare the calibration curves, 0.0179 
M FeNH4(SO4)2 (1 mg Fe/ml) in 0.0887 M H2SO4 was 
diluted to 1–5 µg Fe/ml in 5 mM H2SO4. 5 mM H2SO4 
without iron was used as concentration 0. To check the 
effect of acetate and zinc, similar array of Fe standards 
was prepared in 10 mM acetate buffer with 35 mM 
(CH3COO)2Zn. Iron determination in supernatants from 
melanin was based on these standards. The error of thi-
ocyanate assay was estimated to be 0.1 µg Fe/ml, and 
therefore only greater differences were viewed as statisti-
cally significant.
Data analysis. The half width (B1/2) of EPR spec-
trum of melanin was measured manually. To minimize 
the effect of microwave power saturation, B1/2 was 
determined for the minimum microwave power, i.e. 
0.265 µW. The EPR spectra of NM and MDM are pre-
sented in Fig. 1A–H. If signal : noise ratio was greater 
than 20, the EPR signal amplitude was determined digi-
tally, otherwise it was determined manually. The EPR 
signal amplitude was plotted against the square root of 
microwave power and the half power (P1/2) was deter-
mined by three different approaches. The first approach, 
presented in Fig. 1 I–L, was that the plot was fitted 
with a two component function: f(x)=A1·x·[1 + (21/ε1 
– 1)·x2/P1/21]–ε1 + A2·x·[1 + (21/ε2 – 1)·x2/P1/22]–ε2 (Alten-
bach et al., 1994), where x is a square root of microwave 
power, f(x) is EPR signal amplitude, A1, A2 are initial 
slopes of these two components, ε1, ε2 are homogeneity 
coefficients and P1/21, P1/22 are half powers of these two 
components. The resulting P1/2 was found as the value 
of the microwave power, at which f(x)=½·(A1 + A2)·x. 
Due to extremely high error of P1/21 and thus of result-
ing P1/2 , fit of the two component function was rather 
qualitative than quantitative, and enabled to estimate 
the shape of saturation curves presented in Fig. 1I–L. 
The only reliable values were P1/22 for samples with 
iron, which are presented in Fig. 2C. In the second and 
third approach, a one component function, f(x)=A·x·[1 
+ (21/ε – 1)·x2/P1/2]–ε, was fitted in the limited range, as 
presented in Fig. 1M–P. In the second approach, P1/2 
was taken directly from the fitted function, while in the 
third approach, an additional linear function, g(x)=a·x 
was fitted to the initial five points and P1/2 was found as 
the value of the microwave power, at which f(x)=½·g(x). 
For samples without iron (Fig. 1M, N), P1/2 was deter-
mined with very high precision from the fitted function. 
Moreover, the EPR signal of such samples was saturated 
even at low values of the microwave power. Therefore, 
the second approach was appropriate for these samples. 
On the other hand, for samples with iron (Fig. 1O, P), 
the error of P1/2 from the fitted equation was very high 
and so the third approach was applied for samples with 
iron. 
RESULTS AND DISCUSSION
Although oxygen is paramagnetic, it had no signifi-
cant effect on the general shape (Fig. 1A, B, E, F) or 
B1/2 (Fig. 2A) of the melanin EPR signal registered at 
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0.265 µW. A comparison of EPR spectra registered at 
different microwave powers (Fig. 1A, B, E, F) and analy-
sis of saturation curves in Fig. 1I, J reveals that the EPR 
signal of melanin registered under aerobic conditions 
saturates at higher microwave power than that regis-
tered under anaerobic conditions. P1/2 of the EPR signal 
of NM in the presence of oxygen was about 1.8 times 
higher than that determined under anaerobic conditions 
(Fig. 2B), however the effect of oxygen was comparable 
for all studied degradation degrees. Paramagnetic iron 
(III) ions, that are bound by melanin, exhibit strong ef-
fect both, on the width (Fig 1C, G) and on the saturabil-
ity (Fig. 1K) of the melanin EPR signal. This is because 
of an efficient dipole-dipole interaction of melanin radi-
cals with paramagnetic iron ions bound to melanin (Sar-
na et al., 1976). B1/2 of the EPR signal of NM with iron 
was about 2.9 times larger than without iron (Fig. 2A). 
The effect of iron on B1/2 slightly decreased with the 
degradation degree, which may suggest increasing partici-
pation of modified melanin subunits that are unable to 
bind iron but are paramagnetic, however, photodegrada-
tion did not have a significant effect on the iron signal 
(Fig. 1E). The effect of iron on the saturatbility of mela-
nin EPR signal was very strong. P1/2 of NM with iron 
was 119 times higher than P1/2 of such melanin without 
iron (Fig. 1B). Interestingly, iron increased P1/2 of WDM 
Figure 1. EPR spectra (A–H) and saturation curves (I–P) of melanin.
EPR spectra of non-degraded melanin (A–D) and moderately degraded melanin (E–H) were registered at microwave power 0.265 µW 
(continuous line) or 0.265 mW dotted line. The EPR spectra of melanin with iron registered at 0.265 mW are multiplied by 0.1 (C, D, G) or 
by 0.2 (H). I–P – microwave power saturation curves of non-degraded melanin (filled circles), weakly degraded melanin (open triangles) 
and moderately degraded melanin (crosses). The EPR measurements were carried out under anaerobic conditions without metal ions (A, 
E, I, M), under aerobic conditions without metal ions (B, F, J, N), under aerobic conditions in the presence of iron (C, G, K, O) and under 
aerobic conditions with iron and zinc (D, H, L, P). EPR signal amplitude was plotted against square root of microwave power (I–P) and 
fitted with two component function (I–L) or one component function (M–P). Scale of square root of microwave power in the I–P figures 
represents the range of fit. The EPR measurements were carried out at 77 K.
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161 times, which indicates that weak photodegradation 
increases exposure of melanin subunits to external fac-
tors. This increased exposure is an effect of either el-
evated hydrophilicity or reduced size of WDM particles 
(Zadlo et al., 2017). On the other hand, iron increased 
P1/2 of MDM only by the factor of 63. This suggests 
that in such melanin, at least part of iron is bound by 
other groups than in NM. P1/22 was increasing with the 
degradation degree. This suggests that this parameter can 
be a marker of non-degraded melanin subunits which 
strongly bind iron. Due to decrease in their content with 
increasing degradation degree, the saturation with iron of 
the remaining intact groups increases.
Zinc ions are another type of a molecular probe. 
These ions are diamagnetic and they increase the EPR 
signal of melanin due to stabilization of its radical form 
and thus shift of comproportionation equilibrium (Felix 
et al., 1978). Indeed, the amplitude of EPR signal of NM 
with iron and zinc (Fig. 1D) was about 10 times higher 
than amplitude of NM containing only iron (Fig. 1C). 
On the other hand, the EPR signal of MDM with iron, 
measured at 0.265 µW, was increased by zinc addition 
only by the factor of 4 (Fig. 1G, H). This indicates that 
photodegradation had caused changes in the redox prop-
erties of key melanin units removing them from par-
ticipation in the comproportionation equilibrium. Similar 
change of redox properties was previously observed for 
photodegraded pheomelanin (Zadlo et al., 2019). Interest-
ingly, the EPR signal of MDM with iron and zinc reg-
istered at 0.265 µW was much narrower than that regis-
tered at 0.265 mW (Fig. 1H), and than the EPR signal of 
NM with iron and zinc (Fig. 1D). B1/2 of such melanin 
was about 1.7 times narrower than B1/2 of NM with iron 
and zinc, and only about 1.2 times broader than that of 
NM without metal ions (Fig. 2A). This indicates that in 
the presence of zinc, there are some melanin subunits 
that are paramagnetic but they are not significantly af-
fected by iron, which may suggest iron release. This ef-
fect is reflected in strong decrease of P1/2 after addition 
of zinc to MDM with iron (Fig. 2B). Although zinc did 
not decrease the iron EPR signal significantly in the case 
of NM and WDM with iron, it decreased the EPR sig-
nal of iron bound to MDM by about 30% (Fig. 2E). 
Iron content in the supernatant from NM and WDM 
with iron and zinc did not exceed 0.17 µg/ml (Fig 2F), 
which is 0.034% (w/w), i.e. 3.4% of total iron added 
to melanin. On the other hand, iron content in the su-
pernatant from MDM with iron and zinc was 0.75 µg/
ml, i.e. 0.15% (w/w) or 15% of total iron added, which 
confirms that addition of zinc causes partial release of 
iron bound to MDM. This indicates that iron binding 
by MDM is weaker and less specific than by NM. In 
the NM, the iron is bound by ortho phenolic hydrox-
yls (Sarna et al., 1981). Such groups are present in DHI 
and DHICA subunits. Oxidative degradation of melanin 
leads to destruction of DHI and DHICA subunits by 
ring opening and formation of carboxylic groups (Ko-
rytowski & Sarna, 1990). Therefore, it can be suggest-
ed that these carboxylic groups participate in weak and 
nonspecific binding of iron, which can be displaced by 
other metal ions. If such modifications of melanin occur 
in human RPE, they can increase the risk of release of 
iron bound during a lifetime and thus cause a prooxi-
dant action, which could contribute to development of 
age-related macular degeneration.
In conclusion, weak photodegradation of melanin 
increases exposure of melanin subunits, while further 
photodegradation causes their destruction. Carboxylic 
groups, formed from oxidatively modified melanin subu-
nits, can participate in binding of transition metal ions 
Figure 2. EPR and spectrophotometric determination of iron in melanin samples.
A – half width of melanin EPR signal registered at 0.265 µW, B – half power determined from one component function, C – half power of 
second component determined from two component function, D – EPR spectra of iron (III) bound to non-degraded melanin (dotted line) 
or to moderately degraded melanin (continuous line) in the presence of zinc, E – integrated EPR signal of iron (III) bound to melanin, F 
– iron (III) concentration in supernatant from melanin with iron and zinc. Inset in F – calibration curve for iron determination. The stand-
ards of iron were prepared in 5 mM H2SO4 (filled circles) or in 10 mM acetate buffer with 35 mM zinc acetate (crosses). Iron concentration 
in the samples was determined on the basis of standards in the acetate buffer with zinc acetate. NM – non-degraded melanin, WDM – 
weakly degraded melanin, MDM – moderately degraded melanin. The EPR measurements and iron determination were carried out under 
anaerobic conditions without metal ions (bar a), under aerobic conditions without metal ions (bar b), under aerobic conditions with iron 
(bar c) or under aerobic conditions with iron and zinc (bar d). All EPR measurements were done at 77 K. 
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by photodegraded melanin. Such binding is weak and 
nonspecific. If such modifications of melanin take place 
in RPE they can contribute to development of retinal 
pathology.
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